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 ABSTRACT 
 
 
It is well-known that the buoyancy and unfavourable mobility ratio of injected gas can cause poor sweep efficiency when gas 
is injected into an oil reservoir for enhanced oil recovery. The improved displacement efficiency of the miscible gas injection 
process often results in improved oil recovery over what could be achieved through water flooding. Moreover, Water-
alternate-gas (WAG) injection which combines advantages from water and gas injections can improve sweep efficiency of gas 
injection. However, in heterogeneous reservoirs especially layered reservoirs with permeability contrast, oil recovery is 
sensitive to the locations of high and low permeability layers. The segregation between water and gas can strongly influence 
oil recovery of such reservoirs. 
 
This project presents the evaluation of the effectiveness of injecting gas in simple layered reservoirs with permeability contrast 
between layers. A variety of reservoir models with high, medium and low permeability layers at various depths was 
considered. All simulations conducted in this project were performed by compositional simulation in order to represent the 
flow behaviour of the injected fluids and reservoir fluid accurately. The oil recovery from only miscible gas flooding was 
compared with predicted oil recovery from WAG injection and water flooding. Overall WAG injection yielded the best 
recovery for all reservoirs, CO2 was the second, and water injection provided the worst recovery. 
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Abstract 
 
It is well-known that the buoyancy and unfavourable mobility ratio of injected gas can cause poor sweep efficiency when gas 
is injected into an oil reservoir for enhanced oil recovery. The improved displacement efficiency of the miscible gas injection 
process often results in improved oil recovery over what could be achieved through water flooding. Moreover, Water-
alternate-gas (WAG) injection which combines advantages from water and gas injections can improve sweep efficiency of gas 
injection. However, in heterogeneous reservoirs especially layered reservoirs with permeability contrast, oil recovery is 
sensitive to the locations of high and low permeability layers. The segregation between water and gas can strongly influence 
oil recovery of such reservoirs. 
 
This project presents the evaluation of the effectiveness of injecting gas in simple layered reservoirs with permeability contrast 
between layers. A variety of reservoir models with high, medium and low permeability layers at various depths was 
considered. All simulations conducted in this project were performed by compositional simulation in order to represent the 
flow behaviour of the injected fluids and reservoir fluid accurately. The oil recovery from only miscible gas flooding was 
compared with predicted oil recovery from WAG injection and water flooding. Overall WAG injection yielded the best 
recovery for all reservoirs, CO2 was the second, and water injection provided the worst recovery. 
 
Introduction 
 
After the first crude oil was discovered in 1859, oil has been playing a role as the main source of energy of the world. Primary 
recovery methods which are fluid and rock expansion, solution gas drive, gravity drainage and water influx from aquifers, 
normally achieve only approximately 35 percent of ultimate oil recovery, meaning that a huge amount of oil is unrecoverable 
(Lake, 1989). In order to enhance and maximize oil production, secondary and tertiary methods, called Enhanced Oil Recovery 
(EOR), play a significant role. Enhanced oil recovery is defined as the injection of materials, not normally initially presenting 
in reservoirs, into reservoirs. They are aimed to displace reservoir hydrocarbon throughout production wells and maintain the 
reservoir pressure. Water injection and gas injection have been known as the most conventional methods because of the 
availability of injected fluids and their relative ease of operations. Water-Alternating-Gas injection (WAG) was proposed as 
the attempt to optimise the advantages of the both fluids. However, the presence of permeability contrast between layers can 
have a large impact on oil recovery. Water or gas prefers to flow in high permeable layers rather than in low permeable layers. 
This causes very early water or gas breakthrough and the reduction of oil recovery. The position where high permeability 
layers situated also influences on oil recovery because gas tends to flow through the upper part of the reservoir whereas water 
tends to flow through the bottom part of the reservoir due to their density contrast.  Therefore, the effectiveness of each 
enhanced oil recovery methods will be affected by the locations of high and low permeability layers in oil layered reservoirs.    
 
Gas injection has been accepted as one of the most effective enhanced oil recovery methods. In the past few decades, gas 
injection has been applied successfully in many oil fields throughout the world. Recovery of gas injection is also further 
improved when it is operated in the condition which gas becomes miscible with original reservoir fluid, either first contact 
miscible (FCM) or multi-contact miscible (MCM) (Whorton & Kieschnick, 1950, Slobod & Koch, 1953). In addition to 
maintaining the reservoir pressure and displacing reservoir hydrocarbon, gas injection also improves local displacement 
efficiency (microscopic sweep efficiency) in the swept zones and obtains lower value of residual oil saturation compared to 
conventional water injection. The interfacial tension (IFT) between gas and oil will be zero when miscibility is achieved, 
leading to 100 percent of displacement ideally. However, due to its relatively low viscosity, the mobility of gas is very 
unfavourable. Injected gas would finger through reservoir oil, especially in high permeable zones, and breakthrough earlier 
Imperial College 
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than expected, resulting in poor production. Furthermore, gas tends to flow upwards to the top part of reservoir due to gravity 
segregation and leave a large amount of oil unswept in the lower part of the reservoir, which offset the benefits that would be 
obtained by miscible displacement. 
 
Water injection, also called as waterflooding, is the most popular secondary recovery method due to the availability of water 
and relative ease of this method. Waterflooding was discovered accidentally in late 19
th
 century and has been applied widely in 
practical oil fields since 1921(Willhite, 1986). Generally, water is injected through injection wells in order to displace 
reservoir oil to production wells and maintain the reservoir pressure.  Because of its relatively low compressibility compared to 
gas compressibility, the amount of water is required lower than gas at the surface which makes pressure maintenance for most 
fields better.  Also, the sweep efficiency (macroscopic displacement efficiency) of water is much more than gas injection 
resulting in more oil being swept. However, water and reservoir oil are not miscible at reservoir conditions meaning that there 
is always oil trapped in reservoirs, called residual oil. Normally the residual oil saturation after being flushed of water injection 
is relatively high (It is dependent on wettability, pore size distribution and reservoir heterogeneity) and this makes water 
injection less competitive with gas injection. 
 
Water-Alternating-Gas (WAG) injection was originally proposed to improve the macroscopic displacement efficiency of gas 
injection. Caudle et al. proposed this method in 1958 (Caudle & Dyes, 1958). They showed that, from the laboratory studies, 
injecting water and gas simultaneously after injecting the high mobility gas can significantly increase the overall recovery 
compared to injecting gas alone. The reduction of fluid mobility in porous media is accomplished by reducing the relative 
permeability of that fluid or increasing its viscosity. Therefore, the injection of water along with gas would decrease the 
mobility of gas easily since the relative permeability is decreased due to three-phase flow and the viscosity of total injected 
fluid is also further increased. In addition to controlling the mobility of fluid, water and gas injection is also aimed to stabilize 
the frontal flood. However, Blackwell et al. showed their investigation in WAG process that, due to very high density contrast 
between gas and water, gas and water segregated rapidly, resulting in the mobility of water and gas zone being less favourable 
than without the segregation (Blackwell et al., 1960).  Therefore, gas occupied a small fraction of the upper part of the cross 
section which was miscibly flooded whereas water occupied the rest lower fraction. Obviously, the overall recovery was lower 
than the anticipated recovery assuming that water and gas flow without segregation 
 
In this project, the effectiveness of three enhanced oil recovery operations which are water injection, miscible gas injection 
(injection of carbon dioxide only) and miscible water-alternating-gas injection (WAG) are considered in a variety of reservoir 
models with high, medium and low permeability at various depths. All simulations were conducted using a commercial 
compositional simulator (ECLIPSE 300) (Schlumberger, 2009a). The volume of injected fluid was set to be equal for each 
type of recovery method. The results of oil recovery of each recovery strategy were compared and discussed. 
 
Reservoir fluid description 
 
In all simulations conducted in this project, the fluid description of Sherwood Sandstone of Wytch Farm oil field was used.  
The reservoir fluid was represented by 14 components in order to provide an accurate description of miscible displacement.  
The fluid description is listed in Table 1 and the fluid characterized is listed in Table 2. Peng-Robinson equation was used as 
an equation of state in all of simulations (Peng & Robinson, 1976). The reservoir pressure was initialized at 2400 psi, which is 
above the bubble point pressure (1100 psi), at the datum depth (5060 ft TVDSS) and the reservoir temperature was initialized 
at 155 F. Also from the calculation in PVTi (Schlumberger, 2009b), the minimum miscibility pressure was 1930 psi, which 
was assigned as the minimum bottom hole in all of simulations. Therefore, injecting carbon dioxide in gas injection and WAG 
injection cases will achieve the miscible displacement with combined condensing and vaporizing mechanism (Zick, 1986).  
 
Reservoir model description 
 
In order to investigate the effectiveness of gas injection, water injection and WAG injection in simple oil layered reservoirs 
with permeability contrast, a reservoir model was separated into three zones which have different values of permeability, i.e. 
high (H), medium (M), and low (L) permeability. The position where each zone situated in the model was alternated into six 
realisations of reservoir which are labelled from the shallowest layer downwards, HML, HLM, MHL, MLH, LHM and LMH. 
All reservoir models were situated 5000 ft in depth from the surface and had a vertical resolution of 12 layers (40x30x12). The 
grid cells were 30x30x10 ft in volume; therefore the models were 1200x900x120 ft in total.  The model parameters of six 
models are summarized in Table 3.  
 
Permeability and porosity were populated into the models by using the stochastic method called Sequential Gaussian 
Simulation (SGS) in order to make the models heterogeneous within each layer and realistic (Deutsch and Journel, 1998). 
Horizontal permeability was populated into the models with normal distribution (1000 md, 10md, and 1 md average for high, 
medium and low permeability zones respectively and 10 percent standard of deviation) as illustrated in Figure 1, whereas 
vertical permeability was assigned as 50 percent of horizontal permeability in each grid cell. As well as permeability, porosity 
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was assigned by SGS with an average of 0.2 for all layers as shown in Figure 2.  
 
The water-oil and oil-gas relative permeability curves used in all simulations were generated from conventional sandstone 
reservoirs. However, there was no aquifer initially present and no transition zone in the models because the amount of oil had 
to be equalized for all zones. Therefore, the capillary pressure curve was neglected in this study. 
  
There were two vertical wells, one producer and one injector, in the reservoir models. They were located diagonally 1500 ft 
away in the corner of the reservoir as illustrated in Figure 2 along with the porosity profile. Both well were completed 
throughout the reservoir section and fully opened from the first day of the simulations.   
 
 
Component Mol percent 
N2 2.67 
CO2 0.17 
C1 14.72 
C2 7.06 
C3 10.04 
C4+ 9.48 
C5+ 6.79 
C6 5.29 
C7 6.17 
C8 6.72 
C9 4.89 
C10 3.78 
C11 2.59 
C12+ 19.63 
  Table 1: Fluid composition. 
Comp. 
MW 
(g/mol) 
pc 
(psia) 
Tc 
(F) 
Zc 
Acentric 
Factor 
N2 28.013 890.23 86.593 0.2843 0.1574 
CO2 44.01 692.27 217.57 0.28129 0.14162 
C1 16.043 1179.1 -71.49 0.29738 0.46931 
C2 30.07 856.77 106.61 0.28374 0.14723 
C3 44.097 691.49 218.17 0.28128 0.14177 
C4+ 58.124 589.9 305.8 0.27867 0.17634 
C5+ 72.151 521.18 381.65 0.27564 0.22177 
C6 84 478.52 440.34 0.27294 0.26272 
C7 96 458.62 508.73 0.27157 0.30533 
C8 107 432.55 558.28 0.26916 0.34195 
C9 121 397.84 610.36 0.26522 0.38852 
C10 134 368.66 653.27 0.26118 0.43189 
C11 147 341.9 691.6 0.2568 0.47542 
C12+ 350.43 138.94 1095.1 0.18535 1.1077 
                            Table 2: Fluid Characterisation.
 
 
Parameters   Value 
Number of grid blocks 
 
14400 
Porosity (frac) 
 
0.2 
Low (L) permeability (md) 
 
1 
Medium (M)  permeability (md) 
 
10 
High (H) permeability (md) 
 
1000 
Rock compressibility (psi
-1
) 
 
1.53E-06 
Connate water saturation 
 
0.2 
Residual oil saturation 
 
0.2 
Water Corey-exponent 
 
4 
Oil-water Corey-exponent 
 
3 
Gas Corey-exponent 
 
6 
Oil-gas Corey-exponent 
 
3 
Critical water saturation 
 
0.22 
Critical gas saturation 
 
0.05 
krw @ Sorw  
0.8 
kro @ Somax  
0.9 
krg @ Sorg  
0.8 
   Table 3: Model parameters. 
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Figure 1: Permeability distribution of each zone: (a) high (b) medium (c) low. 
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Figure 2: Well placement and porosity profile. 
Simulation strategies 
 
For all cases, 20 years of operation was simulated and the amount of injected fluids of all three methods was about 20 pore 
volumes injected (PVI). The target oil production rate of the production was set as 500 stb/d to obtain approximately 4 to 5 
years of plateau length. The minimum bottom hole pressure of the production well was assigned as 1930 psi, which is the 
minimum miscibility pressure of CO2 and the reservoir fluid. Therefore, the miscibility was achieved throughout the reservoir. 
Also the maximum bottom hole pressure of the injection well was assigned as 3750 psi, which is the conventional fracture 
pressure of reservoirs in the North Sea at reservoir depth assuming a gradient of 0.75 psi/ft. Hence, the reservoir pressure was 
maintained in the range of 1930 – 3750 psi in all cases.   
 
Gas injection 
Only Carbon dioxide (CO2) was injected into the reservoir in all cases of simulation. The target injection rate of CO2 was set 
as 25,000 Mscf/day injected from the beginning of the simulation, which achieved about 20 pore volume injected (PVI) after 
20 years of simulation. 
WAG injection 
The fraction reservoir volume of CO2 and water was injected optimized to 25% of CO2 injection and 75% of water injection. 
Therefore, 60000 stb/d of water was injected into the reservoir whereas CO2 was injected at the rate of 11800 Mscf/day, which 
corresponds to 1:4 reservoir volume of CO2 to water. Moreover, the period of injection of each phase was optimized to be 90 
days for each.  
Water injection 
The amount of water injected into the reservoir was controlled by the total voidage replacement fraction, which was set as 1.1 
in all simulations and achieved approximately 20 pore volume injected after 20 years of simulation.  
 
Simulation results 
 
Overall, WAG injection yielded the maximum oil recovery in all six types of the reservoirs as expected due to improving 
sweep efficiency of gas injection. Gas injection provided the second highest oil recovery whereas water injection was the 
worst oil recovery method because of poor displacement efficiency. Due to relatively low compressibility of gas, reservoir 
pressure of gas injection was the lowest followed by WAG injection, and water injection was the highest.  
 
Gas injection 
For 20 years of simulation and 20 pores volume injected, CO2 injection yielded oil recovery about 40 to 55 percent as shown 
in Figure 3. Gas injection in the LMH reservoir provided the maximum oil recovery followed by MHL, MLH, HLM, HML, 
and LHM reservoir provided the lowest oil recovery. For all cases, oil recovery had increased significantly since the beginning 
of simulation until about 1 pore volume injected then they had gone up steadily but more slowly until about 2 pore volumes 
injected. After that, there were small increases of oil recovery because of gas breakthrough at the production well and the 
dramatic declination of oil production rates from the plateau rate (500 stb/d).  However, for the LMH, MHL and MLH 
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reservoirs, oil recovery started to increase constantly again after 5 pore volumes injected while the rest kept increasing very 
slightly.     
 
Figure 3: Oil recovery of CO2 injection. 
 
For all cases, first CO2 breakthrough occurred at the top of the high permeability zone at about 2 PVI of injection as shown in 
Figure 4. However, the lower layers of the high permeability zone still produced oil until about 6 PVI of injection when CO2 
had completely broken through the producer. There was a time gap because of fluid segregation. There was no CO2 
breakthrough at the medium and low permeability zone all 20 years of simulation except in the cases where CO2 flowed 
upwards from the high to low and medium permeability zones and was produced through these zones as shown in Figure 5. 
Figure 4: First CO2 breakthrough at the top layer of the high 
permeability zone of the LMH case after 2 years of injection.  
Figure 5: Upward flow of CO2 from the high to medium 
permeability zones in the LMH reservoir.  
 
CO2 injection operated best in the LMH reservoir as expected, because, due to its lower density in comparison to the reservoir 
hydrocarbon, CO2 tended to flow upwards from the bottom zone to upper zones. CO2 also flowed fastest in the high 
permeability zone which situated at the deepest zone of the reservoir. Therefore, firstly, CO2 had flowed preferentially to the 
production well since the horizontal permeability was higher than the vertical permeability. Hence, there was no CO2 flowing 
upwards at the beginning. Then, after the first CO2 had reached the production well in the high permeability zone, CO2 started 
to flow upwards and displace oil in the medium permeability zone above the high permeability zone. CO2 flowed upwards 
more easily in the vicinity of the production well because of more vertical pressure difference caused by a pressure drawdown 
as illustrated in Figure 5.  
 
For the MHL case, oil recovery was the second highest surprisingly instead of the MLH case which was intuitively expected 
before simulation. For the MLH reservoir, CO2 was expected to flow upwards from the high through low and medium 
permeability zone, similar to the MHL reservoir. Generally, a deeper location of the high permeability zone should result in 
higher oil recovery. The reason for low recovery was that the vertical permeability of the low permeability zone was very low 
(approximately 0.5 md). Therefore little CO2 flowed through this zone. As illustrated in Figure 6 showing the last layer of the 
low permeability zone which connected to the high permeability zone, there was no communication of CO2 between the high 
and low permeability zone of the MLH reservoir. On the other hand, the average vertical permeability of the medium 
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permeability zone was 5 md. Therefore, some of CO2 was able to flow to this zone and displace oil. Furthermore, oil recovery 
of the MLH case was higher than the MHL case prior to gas breakthrough. Nevertheless, Oil recovery of the MHL case 
intersected oil recovery of the MLH case after 11 pore volumes injected and had been higher since then. The reason for this 
was, as explained earlier, it was difficult that CO2 from the high permeability zone flowed through the low permeability zone 
due to its very low vertical permeability. Therefore, oil in the medium permeability zone of the MHL reservoir was displaced 
more by CO2 from the high permeability zone. As illustrated in Figure 3, oil recovery of the MHL reservoir was very close to 
the LHM reservoir at the end of simulation.  
 
 
Figure 6 CO2 saturation profile of the last layer in the low permeability zone of the MLH reservoir. 
 
CO2 injection in the LHM reservoir yielded the lowest oil recovery. A reason for this was that CO2 breakthrough at the high 
permeability zone of the LHM reservoir occurred earlier than the HML reservoir, leading to oil production rate declining 
earlier and less oil being produced. However, the results of both reservoirs were slightly different because the location where 
the low permeability zone was situated in reservoirs did not have much influence on oil recovery due to its low vertical 
permeability as explained above.     
 
WAG injection 
Overall, WAG injection yielded oil recovery in the range of 48 to 60 percent as illustrated in Figure 7. In comparison to CO2 
injection which yielded 40 to 55 percent oil recovery, WAG injection improved oil recovery as expected intuitively due to 
improving the sweep efficiency. WAG injection operated in the MHL reservoir provided the highest ultimate oil recovery after 
20 years of operation and 20 pore volumes injected, followed by LMH, LHM, MLH, HLM, and HML reservoirs. 5 years of 
plateau length was achieved with 500 stb/d of plateau oil production rate. For all cases, there had been significant increases in 
oil recovery since the beginning of the operation until 1 pore volume injected (Initially their oil recovery were less than CO2 
injection due to a different amount of CO2 injected and delayed CO2 breakthrough). After that oil recovery had increased with 
a step-like pattern; they went up moderately then remained stable repeatedly, which occurred correspondingly with gas and 
water injections respectively.  
 
 
Figure 7: Oil recovery of WAG injection. 
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As shown in Figure 8, there were fluctuations in the oil 
production rate and average reservoir pressure for the 
entirety of operation. After the declination from the plateau 
rate, oil production rate increased when CO2 was injected 
into the reservoir and decreased when water was injected 
into the reservoir because CO2 displaces oil more 
efficiently than water. On the contrary, the average 
reservoir pressure increased when water was injected into 
the reservoir and decreased when CO2 was injected into 
the reservoir due to the compressibility of water being 
lower than CO2.  
 
WAG injection improved 5 to 8 percent of oil recovery in 
all types of reservoir except in the LHM reservoir where it 
increased 15 percent and in the LMH reservoir where it 
was almost the same. WAG injection clearly improved the 
sweep efficiency in comparison to CO2 injection as 
illustrated in Figure 9. It was able to be seen clearly that 
flood front of CO2 in WAG injection was more radial than the CO2 injection. There was some CO2 fingering through reservoir 
fluid in CO2 injection, resulting in the reduction in oil recovery.  
 
Although the oil recovery of CO2 injection in the LHM reservoir was the worst, in WAG injection, it was the third highest. For 
WAG injection, it seems that when the high permeability zone was in the middle of the reservoir, it highly influenced oil 
recovery. After CO2 breakthrough, CO2 flowed upwards to the low permeability zone whereas water flowed downwards to the 
medium permeability zone, and displaced more oil.  
 
However, WAG injection was not able to enhance oil recovery of LMH reservoir compared to CO2 injection. CO2 injection 
operated best in LMH reservoir which the high permeability zone situated in the deepest part of the reservoir. Therefore, the 
significant effect on oil recovery was CO2 segregation rather than improving sweep efficiency of WAG injection.  
 
 
Figure 9: Showing CO2 saturation after 1 PVI of the MHL case to compare sweep efficiency between CO2 injection and WAG injection. 
 
WAG injection in the HML reservoir yielded the worst oil recovery. CO2 preferentially flows upwards in the reservoir and 
sweep more oil but the HML reservoir which had high permeability zone situated at the top part of the reservoir was not able 
to be benefitted from this advantage. However, WAG injection did increase the oil recovery from 40 to 48 percent by 
improving the macroscopic displacement efficiency. For the MHL reservoir, oil recovery was the highest. After CO2 and water 
breakthrough at the high permeability zone, both fluids started to segregate. CO2 flowed upwards and water flowed 
downwards and displaced more oil. As shown in Figure 10, there was an evidence of CO2 and water flooding at the top and 
bottom zone of the reservoir respectively. 
CO2 injection
WAG injection
Figure 8 Oil production rate and reservoir pressure of WAG injection 
in the MHL reservoir. 
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Figure 10 Evidence of CO2 and water segregating into the low and medium permeability layers of WAG injection in the MHL reservoir 
after 20 PVI of injection. 
 
Water injection 
Overall, water injection yielded oil recovery in the range of 33 to 38 percent, as illustrated in Figure 11, which was the lowest 
compared to the previous two enhanced oil recovery methods. As predicted, due to the relatively low local displacement 
efficiency of water injection, it provided the least oil recovery. Water injection in the HLM reservoir provided the maximum 
oil recovery, followed by HML, LHM, MLH, MHL, and LMH reservoirs.  For all cases, oil recovery increased sharply since 
the beginning of the operation until approximately 0.5 pore volume injection, which was quite early of the injected fluid 
breakthrough compared to the previous two operations. After that oil recovery increased moderately until the end of the 
simulation. Also water breakthrough at the production well occurred first at the bottom layer of the high permeability zone. 
After the first breakthrough, water flowed downwards more easily at the vicinity of the production well due to a pressure 
drawdown. 
 
 
Figure 11: Oil recovery of water injection. 
 
The HLM reservoir was surprisingly the best reservoir characteristic where water injection operated instead of the HML 
reservoir which was predicted intuitively before running the simulation. For these two types of reservoir, after the 
breakthrough of injected water at the high permeability zone, water flowed downwards to the lower zone as a result of water 
segregation. However, the amount of oil flooded in the low permeability zone of the both reservoirs was significantly different. 
The amount of oil swept in the low permeability zone of the HLM reservoir was much more than the HML reservoir, as shown 
in Figure 12. Water was able to flow downwards from the high to low permeability zone of the HLM reservoir whereas only a 
little amount of water was able to flow downwards from the medium to low permeability zone of the HML reservoir. 
Moreover, as a result of more oil swept in the low permeability zone, oil production rate of HLM reservoir declined from the 
plateau rate and remained stable at a higher rate than the HML reservoir as illustrated in Figure 13.  
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Figure 12: Comparison of water saturation profile of the HLM and HML reservoirs after 20 PVI of injection. 
 
 
Figure 13: Oil production rates of water injection in HML and 
HLM reservoirs. 
 
Figure 14: Water saturation profile of LMH reservoir after 
waterflood. 
 
The LMH reservoir yielded the minimum oil recovery as intuitively predicted. Water flowed fastest at the bottom part the 
reservoir whereas it flowed slowest at the top zone. As shown in Figure 14, therefore, due to the fact that water tends to 
segregate downwards from reservoir fluids due to its relatively high density, there was no evidence of vertical flow of water 
between the different zones. Water segregated only between layers which were in the same zone. Moreover, it was noticed that 
almost all oil in the high permeability zone was flooded and the oil saturation reached the residual oil saturation which was 
0.2.  
  
Discussion 
 
From the simulation studies conducted in this project, CO2 injection was seen to operate excellently in oil layered reservoirs 
which have high permeability layers at the bottom part of the reservoir over-ridden by lower permeability layers. In contrast, 
the best characteristic for layered reservoirs where water injection should operate is reservoirs which have high permeability 
layers at the top of the reservoir above lower permeability layers. For WAG injection, the best characteristic of a reservoir 
should be the same with CO2 injection because the aim of WAG injection is to enhance oil recovery by improving its sweep 
efficiency. However, when gravity segregation influences significantly on oil recovery, WAG injection operates more 
effectively in oil layered reservoirs where high permeability layers are flanked by lower permeability layers so that CO2 flows 
preferentially upwards whereas water flows preferentially downwards. 
 
Although, these three enhanced oil recovery methods can significantly improve oil recovery in oil layered reservoirs compared 
to primary recovery, there are several things should be noticed. After the injected fluids breakthrough at the production well, 
oil would be produced with high value of gas-oil ratio or water-cut for the rest of the reservoir life. From the results of the 
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simulation in this project, more than 90 percent of water-cut and 1000 of gas-oil ratio were produced. However, this problem 
could be alleviated by plugging production zones where injected fluids break through. In addition to significant improvement 
on oil recovery of WAG injection in comparison to CO2 injection, the amount of CO2 injected in WAG method was 
approximately one-fifth of the amount CO2 injected in CO2 injection. That is a huge advantage of WAG injection over CO2 
injection if CO2 must be purchased and transported long distances. Moreover, the availability of injected fluids should be 
considered as the criteria for each injection methods as well.     
 
For all simulations studied here, the bottom hole pressure of the injection well was assigned with the minimum miscibility 
pressure in order to achieve miscibility for CO2 and WAG injection cases. Likewise, for water injection, the bottom hole was 
set in the same way in order to compare the results sensibly. However, in practical of water injection, the bottom hole pressure 
of injectors was able to be lower. Actually it could be lower to the bubble point pressure, potentially leading to more oil 
recovery. Therefore, in an oil layered reservoir where water injection is favourable, further simulation should be performed. 
 
Conclusions 
 
The main findings and conclusions of this project are: 
1. WAG injection is the most appropriate enhanced oil recovery method in all cases of simulation. It does improve 
sweep efficiency compared to CO2 injection, leading to increasing oil recovery. Water flooding provides the worst 
recovery in all layered reservoirs. 
2. The most appropriate condition of layered reservoir where CO2 injection worked best as an enhanced oil recovery 
method is reservoirs which have high permeability layers under lower permeability layers. 
3. Opposite to gas injection, water injection performs best in reservoirs which have low permeability layers being above 
higher permeability layers. 
4. WAG injection seems to operate excellently in the same kind of reservoirs as CO2 injection. However, oil recovery 
was higher in reservoirs which have high permeability layers flanked lower permeability layers. 
 
Further studies 
 
One of the additional studies of this project is grid orientation effects. In all simulation cases, the production and injection 
wells were placed diagonally at the corner of the reservoir whereas the grid block lines were defined parallel to the edges of 
the reservoir. Therefore the path of injected fluids from the injection to production wells (streamline) was not exactly a straight 
line; it was similar to L-shape. This could affect the results numerically. The further study could be performed by an 
adjustment of grid lines being parallel to the streamline or well placement.  
 
As well as grid orientation, skin effects should be considered. As a result of permeability contrast in layers, skin of each layer 
would be different.  Skin is caused by the invasion of drilling mud to reservoir zones during a drilling operation. Skin results in 
an increase in the pressure drop at the vicinity of production wells, leading to lower oil recovery. The degree of invasion 
depends on many factors including permeability. For higher permeability, a larger radius of invasion is achieved. 
 
The values of the average permeability of three zones (1, 10 and 1000 md) were fixed for all simulation cases. The fluids 
flowed very well in the high permeability zone whereas they flowed poorly in the rest two zones especially in the low 
permeability zone. They also are not able to represent many oil layered reservoirs. Therefore, varying with the value of 
permeability should be evaluated additionally.   
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Nomenclature 
 
MLSC   =  Total molar density (Moles per reservoir volume) 
OILSAT  =  Oil saturation 
WATSAT  =  Water saturation  
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Appendix A. Critical Literature review 
 
 
 
 
 
SPE 79690-PA (2007) 
Using Analytical Solutions in Compositional Streamline Simulation of a Field-Scale CO2-Injection Project in a Condensate 
Reservoir 
 
Authors: C.J. Seto, K. Jessen, and F.M. Orr Jr. 
 
Contribution to the understanding of miscible gas flooding: 
Not much because this paper aim to demonstrate the compositional streamline simulator being computationally efficient 
enough for modelling field-scale project of CO2 storage and condensate vaporisation in gas reservoirs. However it is a good 
example of a compositional simulation study of gas injection 
 
SPE 
Paper no. 
Year Title Authors Contribution 
79690 2007 “Using Analytical Solutions 
in Compositional 
Streamline Simulation of a 
Field-Scale CO2-Injection 
Project in a Condensate 
Reservoir” 
C.J. Seto, K. Jessen, 
and F.M. Orr Jr. 
Show that compositional 
streamline simulation is 
a computationally  
efficient enough for CO2 
injection and storage 
models 
15493 1986 “A Combined 
Condensing/Vaporising 
Mechanism in the 
Displacement of Oil by 
Enriched Gases “ 
Zick, A.A., ARCO Oil 
and Gas Co. 
First to show that 
displacements by enrich 
gases could not have 
been by the traditionally 
condensing or vaporising 
gas drive but they are 
combined 
condensing/vaporising 
drive. 
911 1957 “Improving Miscible 
Displacement by Gas-
Water Injection”  
B.H. Caudle and A.B. 
Dyes, The Atlantic 
Refining Co. 
 
First to show that 
injecting simultaneously 
water and gas can 
improve sweep 
efficiency and then 
recovery. 
4736 1974 “Mechanisms of Oil 
Displacement by Carbon 
Dioxide” 
Holm, L.W., Union Oil 
Co. of California; 
Josendal, V.A., Union 
Oil Co. of California 
 
Describe how Carbon 
dioxide can enhance oil 
recovery 
81459 2003 “Reservoir Simulation of 
Gas Injection Processes” 
J.J. Lawrence, G.F. 
Teletzke, J.M. Hutfilz, 
ExxonMobil Upstream 
Research Company; 
J.R. Wilkinson, 
ExxonMobil 
Production Company 
Provide systematic 
approach for reservoir 
simulation of gas 
injection processes 
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Objective of the paper: 
To examine the effectiveness of composition streamline simulation. 
 
Methodology used: 
Comparing the results of compositional streamline simulations with conventional finite-difference simulations for a variety of 
complex problems 
 
Conclusion reached: 
The compositional streamline simulation is computationally efficient enough to permit high resolution of spatial heterogeneity 
as well as detailed fluid characterisation. 
 
Comments: 
This paper does not involve with conventional compositional streamline simulation but it shows how perform a simulation 
study of gas injection. 
 
 
 
SPE 15493 (1986) 
A Combined Condensing/Vaporising Mechanism in the Displacement of Oil by Enriched Gases  
 
Authors: Zick, A.A., ARCO Oil and Gas Co. 
 
Contribution to the understanding of miscible gas flooding: 
Very much, because it gives a very clear explanation of combined condensing/vaporising mechanism and shows some 
experimental evidences. 
 
Objective of the paper: 
This paper provides experimental evidence showing that displacement of a real, multicomponent, reservoir fluid by enriched 
gases which were not traditional mechanisms alone. 
 
Methodology used: 
A series of slimtube displacement and equation-of-state simulations 
 
Conclusion reached: 
With experimental data and support of equation-of-state simulation showed that laboratory displacements of reservoir fluids by 
enriched gases were driven by a combined of condensing/vaporising gas drive mechanism rather than either condensing and 
vaporising gas drive alone. Also, pseudoternary diagrams cannot be used to explain and predict miscible displacement of this 
kind of drive mechanism. 
 
Comments: - 
 
 
 
SPE 911-G (1957) 
Improving Miscible Displacement by Gas-Water Injection  
 
Authors: B.H. Caudle and A.B. Dyes, The Atlantic Refining Co. 
 
Contribution to the understanding of miscible gas flooding: 
Very much, because this paper provides me a better understanding in water-and-gas injection. 
 
Objective of the paper: 
This paper aims to provide laboratory models studies showing that injecting water simultaneously with gas can increase 
significantly sweep efficiency. 
 
Methodology used: 
Experimental laboratory 
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Conclusion reached: 
Because of the low viscosity of gas and high displacement efficiency of the gas injection alone, the sweep efficiency is usually 
low (about 60 percent). However, together with low mobility fluid injection such as water, laboratory studies showed that 
sweep efficiency can increase significantly. Moreover, a proper ratio of water-and-gas injection will create the desirable low 
mobility zone whilst maintaining a miscible displacement of the oil. 
 
Comments: 
This paper assumed that reservoir is uniform in which the effects of gravity are neglected. Therefore, in case of gravity effects 
being significant, the sweep efficiency tends to be offset. 
 
 
 
Journal of Petroleum Technology 4736-PA (1974) 
Mechanisms of Oil Displacement by Carbon Dioxide 
 
Authors: Holm, L.W., Union Oil Co. of California; Josendal, V.A., Union Oil Co. of California 
 
Contribution to the understanding of miscible gas flooding: 
Very much, this paper gives me more understanding about CO2 injection and also point out the differences between CO2 
displacement and other types of displacement processes. 
 
Objective of the paper: 
This paper presents experimental data that illustrate the various CO2 displacement mechanisms and shows how they differ 
from other miscible displacement. 
 
Methodology used: 
Experimental displacement tests 
 
Conclusion reached: 
CO2 enhances the recovery by solution gas drive, swelling of oil and reduction of its viscosity and miscible effects through 
extraction of hydrocarbons from the oil in the porous rock. Moreover, unlike LPG, CO2 does not achieve direct miscible 
displacement at practical reservoir pressures. 
 
Comments:- 
 
 
 
SPE 81459 (2003) 
Reservoir Simulation of Gas Injection Processes 
 
Authors: J.J. Lawrence, G.F. Teletzke, J.M. Hutfilz, ExxonMobil Upstream Research Company; J.R. Wilkinson, ExxonMobil 
Production Company 
 
Contribution to the understanding of miscible gas flooding: 
Very much, because this paper provides me the factors, especially reservoir characteristics, that affect the efficiency of gas 
injection processes (miscible flooding, immiscible flooding and water-alternating-gas (WAG) flooding. 
 
Objective of the paper: 
This paper aims to provide the overview of reservoir simulation of gas injection processes by case studied that ExxonMobil 
Production Company had experiences with. 
 
Methodology used: 
Conventional reservoir simulations 
 
Conclusion reached: 
Reservoir simulations of gas injection processes can be used to optimize projects and avoid the expense of potentially costly 
project design. Also, each case of simulation has a different systematic approach. Therefore, they should be evaluated 
individually to ensure models are fit-for-purpose. 
 
Comments:- 
    24 
Appendix B. The simulation results of all types of reservoir. 
 
 
High-medium-low (HML) reservoir. 
 
 
Figure A. 1 Oil recovery of HML reservoir. 
 
 
Figure A. 2 Oil production rate of HML reservoir. 
 
 
 
Figure A. 3 Reservoir pressure of HML reservoir. 
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Figure A. 4 Water cut of HML reservoir. 
 
 
Figure A. 5 Gas-oil ratio of HML reservoir. 
 
High-low-medium (HLM) reservoir. 
 
 
Figure A. 6 Oil recovery of HLM reservoir. 
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Figure A. 7 Oil production rate of HLM reservoir. 
 
 
Figure A. 8 Reservoir pressure of HLM reservoir. 
 
 
Figure A. 9 Water cut of HLM reservoir. 
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Figure A. 10 Gas-oil ratio of HLM reservoir. 
 
Low-high-medium reservoir. 
 
 
Figure A. 11 Oil recovery of LHM reservoir. 
 
 
Figure A. 12 Oil production rate of LHM reservoir. 
    28 
 
Figure A. 13 Reservoir pressure of LHM reservoirs. 
 
 
Figure A. 14 Water cut of LHM reservoirs. 
 
 
Figure A. 15 Gas-oil ratio of LHM reservoir 
 
 
 
 
 
 
Low-medium-high reservoir. 
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Figure A. 16 Oil recovery of LMH reservoirs. 
 
 
Figure A. 17 Oil production rate of LMH reservoir. 
 
 
Figure A. 18 Reservoir pressure of LMH reservoir. 
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Figure A. 19 Water cut of LMH reservoir. 
 
 
Figure A. 20 Gas-oil ratio of LMH reservoirs. 
 
Medium-high-low reservoir. 
 
 
Figure A. 21 Oil recovery of MHL reservoirs. 
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Figure A. 22 Oil production rate of MHL reservoir. 
 
 
Figure A. 23 Reservoir pressure of MHL reservoir. 
 
 
Figure A. 24 Water cut of MHL reservoir. 
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Figure A. 25 Gas-oil ratio of MHL reservoir. 
Medium-low-high reservoir. 
 
 
Figure A. 26 Oil recovery of MLH reservoir. 
 
 
Figure A. 27 Oil production rate of MLH reservoirs. 
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Figure A. 28 Reservoir pressure of MLH reservoirs. 
 
 
Figure A. 29 Water cut of MLH reservoir. 
 
 
Figure A. 30 Gas-oil ratio of MLH reservoir. 
 
 
 
 
 
